Summary: Graph layout is extensively used in the field of mathematics and computer science, however these ideas and methods have not been extended in a general fashion to the construction of graphs for biological data. To this end, we have implemented a version of the Fruchterman Rheingold graph layout algorithm, extensively modified for the purpose of similarity analysis in biology. This algorithm rapidly and effectively generates clear two (2D) or three-dimensional (3D) graphs representing similarity relationships such as protein sequence similarity. The implementation of the algorithm is general and applicable to most types of similarity information for biological data. Availability: BioLayout is available for most UNIX platforms at the following web-site: http://www.ebi.ac.uk/ research/cgg/services/layout Contact: enright@ebi.ac.uk
INTRODUCTION
Similarity relationships are extensively used in the field of bioinformatics. One of the most widely used relationships is protein sequence similarity such as that obtained from BLAST (Altschul et al., 1997) . Such relationships may be used to infer the functional and structural properties of a protein sequence. Most sequence analysis projects generate an enormous amount of similarity information. Accurate visualization of such information allows users to quickly and effectively visualize important features within similarity groups. Such features may include protein families, multi-domain proteins and proteins with promiscuous domains.
The generation of graphs representing biological sequence similarity relationships is a non-trivial task. Biological sequences in such graphs may be represented by vertices, and similarities as edges that connect these vertices. Because the number of edges in biological sequence graphs is far greater than the number of vertices, straightforward graph drawing is difficult. A graph representing similarities needs to clearly represent important features contained within these data. Such graphs allow one to browse complex relationships, and visualize key features of various groupings. This problem has been approached in the field of computer science and mathematics, and we have sought to implement some of these ideas in the field of bioinformatics for similarity visualization.
IMPLEMENTATION
We have used a modified version of the Fuchterman and Rheingold graph layout algorithm (Fruchterman and Rheingold, 1991) to generate meaningful graphs from complex similarity information. The algorithm models a physical system onto a graph in such a way that an elegant graph-layout is obtained. The process works such that vertices in a graph (e.g. proteins) repel each other according to a repulsive force. Edges in the graph (e.g. similarities between proteins) exert an attractive force between the two vertices they connect (Fruchterman and Rheingold, 1991) . A random placement of vertices is passed through successive iterations of the algorithm which exerts forces of attraction and repulsion on each vertex, until a stable placement or layout is obtained. To refine this process, a temperature function controls how much any vertex can move during any given iteration. Initially a high temperature is used and allows explosive movement of vertices. The temperature function slowly decreases limiting the movement of vertices. A constant low-temperature is used towards the end of the process to refine the final positions of each vertex. This type of algorithm is reminiscent of simulated annealing algorithms. Our implementation of the Fruchterman and Rheingold algorithm uses similarity information (such as a set of BLAST E-values) to scale the attractive forces between vertices. Two proteins that are very similar will end up closer together in the final graph than two proteins which are weakly similar. Highly connected groups of similar proteins (vertices) will form a tight cluster in the resulting graph.
The final graph layout obtained is not guaranteed to be optimal, however we do not explicitly seek an optimal solution but merely a stable solution that generates an 'aesthetically pleasing' layout of a complex graph (Fruchterman and Rheingold, 1991) . The algorithm is rapid, typically taking 50 iterations to reach a stable graph layout. Even for large graphs with many thousands of vertices, a solution can be reached in a few seconds on a workstation. We have implemented two different versions of the algorithm. The two-dimensional (2D) version (Figure 1 ) is a quick and easy way to visualize complex similarity relationships. A three-dimensional (3D) version (Figure 2 ) using OpenGL is also available for exploring more complex relationships in three dimensions.
USAGE
Using the algorithm to visualize protein sequence similarities is straightforward. Results from a BLAST output can be used as input, using a text format with three columns. The first column represents a vertex, and the second column represents a connected vertex. The third column is a weighted similarity score such as a scaled BLAST E-value (e.g. − log[E-value]).
A typical protein sequence similarity graph generated by the 2D layout algorithm is illustrated in Figure 1 . This graph contains a group of highly similar transcriptionassociated proteins (Coulson et al., 2001) . From the resulting graph, it is clear that this set of sequences represents five separate protein families (Figure 1) . All of these proteins possess a common response regulator domain which links them together. Using the layout algorithm, it is easy to determine that this group of proteins represents separate families which share a response regulator domain but have different cellular roles. The user interface allows connection to external sequence databases to obtain information about a selected protein or group of proteins within the graph, such as domain structure or function descriptions.
An example graph generated by the 3D layout algorithm is shown in Figure 2 . This graph can be interactively rotated, zoomed and translated in order to explore complex relationships that cannot be readily seen in two dimensions. Again, users can link to other databases to obtain information regarding each protein in the graph. While the algorithm has been mostly tested on protein sequence similarities, it should be stressed that it can draw any type of similarity information. Recently, we used this algorithm to layout relationships between common terms in Medline abstracts (Iliopoulos et al., 2001) . The resulting graph from this analysis clearly identified groups of documents possessing similar terms and relationships between these groups.
BioLayout has been written in C, using the OpenWindows toolkit and OpenGL for 3D visualization. Source code and binaries of both versions are available from the authors on request.
